To investigate the role of the entorhinal cortex in memory at a molecular level, we developed transgenic mice in which transgene expression was inducible and limited to the superficial layers of the medial entorhinal cortex, pre-and parasubiculum. We found that expression of a constitutively active mutant form of CaMKII in these structures disrupted spatial memory formation. Immediate post-training activation of the transgene disrupted previously established memory while transgene activation 3 weeks following the training was ineffective. These results demonstrate that, similar to the hippocampus, the entorhinal cortex plays a timelimited role in spatial memory formation but is not a final cortical repository of long-term memory. Moreover, these results suggest that the indiscriminate activation of CaMKII is able to disrupt preexisting memories, possibly by altering the pattern of synaptic weight changes that are thought to form the basis of the memory trace.
Introduction
Lesion studies in both humans and experimental animals have identified structures in the medial temporal lobe as important for the ability to form new explicit memories-i.e., memories for people, places, and events (see Schacter and Tulving, 1994; Squire et al., 2004, for review) . The medial temporal lobe consists of the hippocampus, entorhinal cortex (EC), peri-and postrhinal cortex, subiculum, and pre-and parasubiculum (Pr-PaS) . While the role of the hippocampus is well established, the function of the surrounding cortical structures is less well characterized. While patients with damage restricted to the hippocampus show explicit memory impairments, larger medial temporal lobe lesions that encompass both the hippocampus and surrounding cortex lead to more severe memory deficits (Reed and Squire, 1998) . In Alzheimer's disease, the EC seems to be involved in the very earliest stages of the disease, suggesting a critical role for this structure in human memory (Braak and Braak, 1991; deToledoMorrell et al., 2004) .
The EC is known to be the primary interface between the hippocampus and neocortex (Witter et al., 1989; Dolorfo and Amaral, 1998) . This interface is layer specific; superficial layers provide major input to the hippocampus, while deeper layers receive output from hippocampus. Although superficial layers are input layers to hippocampus in all mammals, there are species differences in projections of layer II and layer III. In the mouse, layer II provides input directly to the hippocampal trisynaptic circuit via the perforant path to the dentate gyrus, while layer III provides direct CA1, CA3, and subiculum input (van Groen et al., 2003) . Electrophysiological studies indicate a modular arrangement to the EC with neurons of the medial entorhinal cortex (MEC) encoding spatial information similar to the hippocampus while lateral entorhinal cortex neurons lack spatial content (Fyhn et al., 2004; Hargreaves et al., 2005) .
The MEC has been shown to contain cells (termed grid cells) that fire in multiple locations that are equally spaced to form a grid-like representation of the animal's environment (Hafting et al., 2005) . Lesion studies have demonstrated a role for MEC and for the TA connections in CA1 in spatial memory (Remondes and Schuman, 2004; Steffenach et al., 2005) .
In the hippocampus, it is thought that long-term potentiation (LTP) or a related form of synaptic plasticity underlies the formation of long-term memory. The induction of LTP requires the stimulation of NMDA receptors and activation of CaMKII, which in turn facilitates synaptic transmission by the potentiation of AMPAtype glutamate receptors and the insertion of new receptors (Lisman et al., 2002; Malinow and Malenka, 2002) . Genetic studies have demonstrated a critical role for NMDA receptors and CaMKII in both LTP induction and long-term memory (Silva et al., 1992a (Silva et al., , 1992b Tsien et al., 1996) . One of the difficulties with these studies has generally been a lack of anatomical specificity and temporal control over the genetic changes making the assignment of function to a specific brain structure or phase of memory difficult. This limitation has been overcome in studies of the NMDA receptor by using Cre recombinase and tetracycline transactivator (tTA) technology (Shimizu et al., 2000) . These studies have demonstrated a requirement for hippocampal CA1-dependent NMDA receptor function in the formation of long-term spatial memory. While the molecular mechanisms of memory have been studied extensively in the hippocampus itself, little is known about the molecular mechanisms in the parahippocampal input structures.
In order to directly assess the role of these structures in memory at a molecular level, we studied a line of transgenic mice in which expression of an activated form of CaMKII was limited to the parahippocampal region and regulated by the tetracycline system. Expression of activated CaMKII in the superficial layer II and III neurons of the MEC and Pr-PaS disrupted both spatial and recognition memory. Post-training activation of the kinase could disrupt previously encoded memories; however, following a 6 week consolidation period, spatial memory was insensitive to CaMKII activation.
Results

Generation of Region-Restricted Transgenic Lines
In order to obtain anatomically restricted and regulated transgene expression, we used the promoter for the neuropsin gene, which is primarily expressed in the limbic system of the adult brain (Chen et al., 1995) , to express the tetracycline transactivator (tTA). Using homologous recombination-based BAC engineering (Yang et al., 1997) , tTA was inserted into the first exon upstream of the translation initiation site of neuropsin. The resulting construct carried approximately 50 Kb and 70 Kb of upstream and downstream sequence from mouse neuropsin, respectively ( Figure 1A) , and was used to generate transgenic mice. The functional expression of the tTA transgene was assessed by mating Nop-tTA lines to a TetO-nls-lacZ reporter mouse (Mayford et al., 1996) . In one line of mice (tTA-EC), we found that intense expression was observed in the MEC and dorsal Pr-PaS ( Figures 1B-1D ). Pr-PaS receive afferents from numerous brain regions as well as the subiculum and project to superficial layers of entorhinal cortex; PaS projects to both medial and lateral EC whereas PrS specifically projects to MEC (van Groen and Wyss, 1990; Honda and Ishizuka, 2004) . The LacZpositive neurons in the MEC were observed primarily in layer II neurons, although positive neurons were also observed in layer III in the area adjacent to PaS. Interestingly, no expression was observed in deep layers of MEC ( Figure 1C) . Expression was not observed in the lateral entorhinal cortex ( Figure 1D ), and only very weak and scattered cell staining was detected in visual cortexes and caudal regions of the retrosprenial agranular cortex. The endogenous neuropsin gene is expressed in hippocampus (Chen et al., 1995) ; however, neither dorsal nor ventral hippocampus (dentate gyrus, CA1-CA3) had more than a few scattered positive cells in the tTA-EC line ( Figures 1B-1D and Figures S1 and S2 ). This restricted expression likely arises from integration sitedependent effects, as we obtained several other lines of transgenic mice that expressed more broadly.
The MEC projects to the middle one-third of the molecular layer, while the LEC projects to the outer onethird of the molecular layer (Dolorfo and Amaral, 1998; van Groen, 2001; van Groen et al., 2003) . We examined mice expressing a tetO-tau-lacZ under the control of tTA-EC ( Figures 1E and 1F) . In addition to expression in the MEC and Pr-PaS, staining of a fiber tract in the dentate gyrus was intense in the middle one-third of the molecular layer, suggesting that axons originating in the MEC were stained. Thus, we have generated mice in which tetO-regulated transgene expression can be limited to the neurons that provide the input of spatial information to the trisynaptic hippocampal circuit and output back to the entorhinal cortex. . Intense staining was observed in MEC. In addition, the middle one-third of the molecular layer in the DG, which receives projections from the MEC, was stained. (G) Diagram of medial temporal memory system in the mouse. The areas in which transgene expression was observed are highlighted. MEC, medial entorhinal cortex; LEC, lateral entorhinal cortex; Pr-PaS, pre-parasubiculum; DG, dentate gyrus; I-VI, cortical layers of entorhinal cortex; pp, perforant path; SUB, subiculum; PrS, presubiculum; PaS, parasubiculum.
Neuron
CaMKII-Asp286 EC Expression Disrupts Spatial Memory
To analyze the role of the MEC and Pr-PaS on memory formation, we crossed the tTA-EC line of mice to transgenic mice carrying a tetO linked CaMKII-Asp286 transgene. The CaMKII-Asp286 mice express a constitutively active form of CaMKII that facilitates LTP induction and disrupts memory when broadly expressed in the forebrain (Mayford et al., 1996; Bejar et al., 2002) . In situ hybridization showed expression of the CaMKII-Asp286 transgene in double-transgenic mice (referred to as CaMKII-Asp286 EC ) only in MEC and Pr-PaS (Figure 2A ). EC expression. Total RNAs were isolated from medial entorhinal cortex in 500 mm thick horizontal slice of the CaMKII-Asp286 EC brains. Relative induction level of CaMKII-Asp286 EC were evaluated in the samples prepared from 0 to 3 weeks after withdrawal of Dox. Maximal levels of CaMKII-Asp286 EC transgene expression was detected 1 week after withdrawal of Dox (0 weeks, n = 4; 1 week, n = 5; 2 weeks, n = 4; 3 weeks, n = 4).
Expression of the CaMKII-Asp286 transgene could be suppressed by administration of the tetracycline analog doxycycline (Dox) for 3 weeks ( Figure 2B ). The examination of the time course of activation of CaMKII-Asp286 showed that expression was maximal in 1 week after withdrawal of Dox ( Figure 2C ). We tested the impact of CaMKII-Asp286 expression in the superficial layers of MEC/Pr-PaS on the encoding of spatial memory using the water maze task (Morris et al., 1982) . Mice were trained in the nonspatial version of the task in which the platform location was visibly tagged. Mice expressing the transgene performed comparably to the wildtype littermates (wt) in escape latency, both groups reduced their latency to reach the platform ( Figure 3A ) (genotype effect, F[1,16] = 0.09, p > 0.05; trial effect, F[7,112] = 7.60, P < 0.05; genotype 3 trial interaction, F[7,112] = 1.72, P > 0.05), as well as swimming speed ( Figure 3B ) (genotype effect, F[1,16] = 0.14, P > 0.05; trial effect, F[7,112] = 1.66, P > 0.05; genotype 3 trial interaction, F[7,112] = 0.590, P > 0.05), indicating that expression of the transgene did not disrupt the perceptual, motor or motivational parameters required to perform the water maze task. Mice were then trained in the hidden version of the task using five trials per day for 6 days. During the training, both groups reduced their latency to find the platform ( Figure 3C ) (genotype effect, EC , open circles, n = 8; WT, closed circles, n = 10). Both groups reduced the time to the platform. (D) 24 hr after hidden platform water maze training, mice were subjected to a probe test. Spatial memory was analyzed by quadrant occupancy. The configuration of the four quadrants is shown in (E) (T, training; L, left; R, right; O, opposite). Wildtype mice searched selectively in the training quadrant, whereas CaMKII-Asp286 EC geneon mice failed to show a preference (genotype effect: p < 0.05). The spatial memory deficit in CaMKII-Asp286 EC mice was reversible by Dox. Following the first round of training, the CaMKII-Asp286 EC mice were fed a Dox (40 mg/kg chow) diet for 3 weeks to repress the CaMKII-Asp286 transgene and then retrained to a different platform location. The probe test performed 24 hr after training showed significant improvement in performance with the transgene suppressed (repeated-measure ANOVA: p < 0.05). (F) Swim path of representative mice (60th percentile from each group) before and after transgene suppression.
NeuronF[1,16] = 0.04, P > 0.05; trial effect, F[5,80] = 11.94, P < 0.05; genotype 3 day interaction, F[5,80] = 1.27, P > 0.05). Spatial memory retention was then assessed in a probe trial in which the platform was removed and the animals search pattern was tracked for 60 s. The wt mice showed a highly selective search strategy, spending more time searching in the training quadrant that previously held the platform (ANOVA F[3,36] = 15.9, p < 0.05), (Figure 3D, wt) . In contrast CaMKII-Asp286 EC transgenic mice were impaired in the probe trial, failing to search the training quadrant with a significant selectivity relative to the other quadrants ( Figure 3D , CaMKII-Asp286 EC gene-on) (ANOVA F[3, 28] = 1.46, p > 0.05). There was a significant main effect of genotype in time spent searching the training quadrant (F[1,16] = 6.52, p < 0.05). Thus, transgene expression in the CaMKII-Asp286 EC mice blocks the encoding of spatial memories without disrupting the performance variables required for the task.
Effect on Spatial Memory Formation Was Reversible
The CaMKII-Asp286 EC mice were raised with the transgene expressed during development and suppressed just prior to training. The lack of deficit following transgene suppression suggests that the phenotype is due to an acute rather than permanent alteration in neuronal function. In order to test this in a within-group design, we suppressed transgene expression in the CaMKIIAsp286 EC mice that had been trained with the gene on and retrained them to a new target location. A probe trial showed that suppression of the CaMKII-Asp286 Figure 3F shows representative examples of swim paths of individual CaMKIIAsp286 EC mice in the first and second probe tests and shows that mice in which the transgene was suppressed adopted a spatial search strategy as compared to mice in which the transgene was expressed. The reversible effect of the CaMKII-Asp286 transgene on spatial memory suggests that the behavioral deficit was not the result of a permanent alteration in neuronal function.
Effect of CaMKII-Asp286
EC on Nonspatial Hippocampus-Dependent Memory The visual-paired comparison (VPC) task is sensitive to hippocampal lesions and has been used to assess explicit memory in humans, monkeys, and rodents (Squire and Zola, 1996; Clark et al., 2000; Zola et al., 2000) . Mice were allowed to explore two identical objects for 15 min. After 3 hr, memory retention was assessed by exposing the mice to the familiar object and a novel object for 5 min. Animals tend to explore a novel object more than a familiar one, and this increased preference is used to infer a memory for the previously explored familiar object. Wild-type mice preferentially explored the novel object, whereas CaMKII-Asp286 EC failed to show any preference. There was a significant main effect of genotype ( Figure 4A ) (F[1,18] = 15.7, p < 0.05).
Contextual and cued fear conditioning utilize different neuroanatomical substrates; contextual conditioning requires the function of both the hippocampus and amygdala, whereas cued conditioning appears to depend primarily on the amygdala (Kim and Fanselow, 1992; Phillips and LeDoux, 1992; Kim et al., 1993) . We tested the performance of the CaMKII-Asp286 EC mice in this task using a single tone-shock pairing. Memory was assessed by measuring the response to presentation of either the same training chamber (contextual memory) or the same tone presented in a different testing chamber (cued memory), and memory was tested at both 24 hr and 3 weeks following training. In contrast to the results in the spatial and visual recognition memory tests, constitutive expression of the CaMKII-Asp286 Figure 4B ). Although contextual fear conditioning is hippocampus dependent and disrupted in mice that express the CaMKIIAsp286 transgene more broadly, we did not observe any deficiency in the CaMKII-Asp286 EC mice. To confirm that these results were not due to alternation of basal activity nor emotional behavior, we tested mice in openfield and light-dark transition tests and found no effect in these measures of basal anxiety and locomotor activity ( Figures 5A-5D 
Expression of the CaMKII-Asp286
EC Transgene Had a Time-Limited Effect on Previously Formed Spatial Memory Do the MEC and Pr-PaS encode specific elements of the spatial memory trace or do they serve merely as a relay for spatial information to and from the hippocampus? CaMKII activation is thought to represent the primary initial step in the synaptic changes involved in memory formation (Lisman et al., 2002) . If this is the case, indiscriminate activation of the kinase should disrupt previously established memory by altering the synaptic weight relationships that underlie a specific memory trace. To test this idea, we analyzed three different groups of CaMKIIAsp286 EC mice in which transgene expression was activated at different time points: (1) transgene was suppressed throughout (CaMKII-Asp286 EC off-off-off), (2) transgene was transiently activated after training and then suppressed prior to memory testing at 6 weeks post-training (CaMKII-Asp286 EC off-on-off), (3) transgene was suppressed during and following training but activated prior to memory testing at 6 weeks post-training (CaMKII-Asp286 EC off-off-on) ( Figure 6B ). To obtain 6 week retention of spatial memory, mice were intensively trained for 9 days using an Atlantis platform protocol; see Experimental Procedures (Spooner et al., 1994; Riedel et al., 1999) . Memory retention was assessed in a probe trial 24 hr and 6 weeks after training, and no memory retention test was performed during this 6 week period. The immediate post-training probe test showed that all four groups developed a significant preference for the trained quadrant (wt, F[3,60] Figure 6A, 24 hr) . However, 6 weeks after training, the wt, CaMKII-Asp286 EC off-off-off, and CaMKII-Asp286 EC off-off-on groups retained a significant preference for the trained quadrant Figure 6A, 6 week) . This demonstrates that spatial memory is sensitive to post-training elevation of CaMKII specifically in the superficial layers of MEC Pr-PaS but that these structures are critical only for a limited time period after the initial training.
Discussion
We have generated mice that allow functional expression of tTA specifically in the superficial layers of the MEC and Pr-PaS (see Figure 1G ). The Pr-PaS receive multimodal sensory input from a variety of cortical and subcortical structures as well as from the hippocampus and project primarily to the superficial layers of the MEC (Witter et al., 1989) . The superficial layers of MEC in turn encode spatial information and project to the hippocampus. Thus, we are able to specifically alter the neurons that provide the input of spatial information to the hippocampus. While this limited pattern of transgene expression was serendipitous and likely the result of an integration site-dependent event, the fact that tTA functions as a transcriptional activator should allow for the convenient introduction of any tetO-linked transgene specifically into this subgroup of neurons. This has been demonstrated for two tetO-lacZ lines as well as the CaMKII-Asp286
EC line. We have demonstrated that activation of CaMKII in these neurons is sufficient to disrupt Neuronthe formation of new spatial and recognition memory. Post-training activation of the kinase in these neurons also disrupts preestablished spatial memories. However, following a 3 week consolidation period, the memory is no longer sensitive to disruption. Previous studies on the molecular mechanisms of long-term memory have focused on NMDA-dependent signaling mechanisms important for the induction of long-term potentiation. CaMKII plays a critical role in mediating the molecular changes that underlie NMDAdependent LTP and genetic studies have also demonstrated a role for CaMKII in long-term memory (Silva et al., 1992a (Silva et al., , 1992b . While mouse genetic studies have been used extensively to identify molecular mechanisms of memory, one of the difficulties in such studies is the lack of anatomical specificity. Using limited expression of CRE recombinase, Tonegawa, Tsien, and their colleagues have demonstrated a critical role for NMDA receptor function in both the CA1 and CA3 subfields of the hippocampus (Tsien et al., 1996; Shimizu et al., 2000; Nakazawa et al., 2003) . In the current study, we extend the genetic dissection of medial temporal lobe function to the parahippocampal region and demonstrate a role for CaMKII-dependent signaling in the MEC/Pr-PaS.
How might CaMKII activation specifically in the parahippocampal region disrupt spatial memory? Disruption of memory by post-training activation of CaMKII broadly in the forebrain has been observed previously (Mayford et al., 1996; Wang et al., 2003) . Current models of longterm potentiation postulate that NMDA receptor activation of CaMKII at specific synapses leads to a potentiation of AMPA-type glutamate receptor transmission. This can occur either by autophosphorylation of AMPA receptors leading to increased synaptic transmission or by the insertion of new functional AMPA receptors at the synapse (Malinow and Malenka, 2002) . Previous studies with the tetO-CaMKII-Asp286 transgene show that expression in the hippocampus facilitates the induction of LTP (Bejar et al., 2002) . In studies using a whisker deprivation paradigm, high-level expression of the transgene led to a generalized potentiation of surround neuron responses in the somatosensory cortex consistent with a generalized potentiation of synaptic responses (Glazewski et al., 2001) . While CaMKII is a multifunctional enzyme and it will be interesting to test the electrophysiological effects of overexpression in the MEC neurons, the results from these studies in both the hippocampus and cortex are consistent with a direct role in initiating synaptic potentiation.
If CaMKII is an activator of synaptic potentiation that underlies memory trace formation, then indiscriminate activation of the kinase by overexpression of a constitutively active mutant might be expected to disrupt Wild-type and CaMKII-Asp286 EC mice in which expression of the transgene was suppressed were extensively trained on the water maze. Spatial memory was examined in probe tests given 24 hr and 6 week after training. Three groups of CaMKII-Asp286 EC mice were examined: (1) transgene expression was continually suppressed (off-off-off), (2) transgene was activated immediately after training for 3 weeks and then suppressed prior to the 6 week probe test (off-on-off), (3) transgene was activated 3 weeks after training and was on during the 6 week probe test (off-off-on) (timeline of each group is shown on the right) (wt, n = 16; CaMKII-Asp286EC (off-off-off), n = 10; CaMKII-Asp286EC (offon-off), n = 10; CaMKII-Asp286EC (off-offon), n = 10). Under these conditions, control mice, CaMKII-Asp286EC (off-off-off), and CaMKII-Asp286EC (off-off-on) showed significant preference to search the training quadrant on the probe tests at either 24 hr or 6 week post-training. CaMKII-Asp286EC (offon-off) showed a significant preference to search the training quadrant in the 24 hr probe test; however, they were impaired in the 6 week probe test (p > 0.05). All values are mean 6 SEM. memory by altering the synaptic weight relationships that underlie the memory trace. This interpretation is consistent with the finding that transient post-training activation of the kinase is sufficient to disrupt previously established memory. Similar reasoning has been used in experiments in which LTP of the perforant path is saturated by electrical stimulation (Brun et al., 2001; Moser et al., 1998) . The saturation of LTP led to a disruption of preexisting spatial memory and an impairment in new learning similar to the current results with CaMKII. It can be difficult to assign a direct role for a particular gene product or molecular signaling pathway in a complex process like learning and memory. One criterion for any cellular process or signaling pathway that stores information is that its indiscriminate activation should disrupt previously stored information. While it is difficult to be certain of the precise mechanism, CaMKII satisfies this criterion when overexpressed in the MEC.
While a single hippocampal neuron appears to encode only a single location in a given environment, the MEC neurons fire in multiple locations with a repeating pattern forming a grid-like representation of the environment (Hafting et al., 2005) . Both structures encode maps of the environment that could influence behavior and store spatial memory. Recent lesion studies have demonstrated a critical role for the MEC specifically in spatial memory consolidation; however, such lesions had limited effects on initial spatial learning (Remondes and Schuman, 2004; Steffenach et al., 2005 ). In the current study, we found impairment in both initial spatial learning and memory consolidation. One possibility is that in the case of lesion studies, alternate pathways for spatial information processing are utilized, while with a molecular alteration such as CaMKII activation, the MEC neurons are recruited but unable to encode information. Another possibility is that the expression of CaMKII in the Pr-PaS, which provides a sparse direct input to the hippocampus (Kohler, 1985; van Groen and Wyss, 1990) , is responsible for the disruption of spatial learning in the current study.
It is somewhat surprising that we failed to find a deficit in contextual fear conditioning in the CaMKII-Asp286 EC mice. Previous lesion studies, while providing somewhat contradictory results, in general suggest that lesions of the entorhinal cortex lead to more severe deficits in fear conditioning than in spatial memory (reviewed in Burwell et al., 2004) . However, the studies did not explore the distinction between medial and lateral entorhinal cortex. It is likely that the current results reflect an anatomical distinction within the entorhinal cortex in the processing of contextual versus spatial information. While it is clear that the MEC encodes spatial information and is critical for establishment of spatial memory, it appears to be dispensable for contextual learning in the fear conditioning paradigm. Taken together with the previous lesion studies, this suggests that the inputs from the lateral entorhinal cortex are the critical inputs for contextual memory. Recent lesion studies targeted specifically to the lateral entorhinal cortex suggest an involvement in basal anxiety state which could contribute to the development of fear associations (Steffenach et al., 2005) . This may be mediated by the substantial projection from the amygdala specifically to the LEC as opposed to the MEC (Petrovich et al., 2001 ).
The finding that post-training activation of CaMKII can disrupt previously established memory suggests that cellular modifications specifically in the entorhinal cortex are a critical component of the spatial memory trace. An alternate possibility is that the activation of the kinase disrupts memory consolidation. The hippocampus is known to play a time-limited role in memory such that post-training lesions disrupt memories acquired 3-4 weeks prior to the lesion but preserve older memories (Kim and Fanselow, 1992) . While this type of gradient has been difficult to establish for spatial learning, studies using lesions of the TA fibers in CA1 and CA1 specific KO of NMDA receptors suggest a time frame of several weeks (Shimizu et al., 2000; Remondes and Schuman, 2004) . We find a similar gradient in sensitivity of spatial memory to post-training activation of CaMKII in the MEC, expression of the transgene immediately after training disrupts memory at 6 weeks while delayed activation fails to impact spatial memory. This result also suggests that the MEC is not a component of the longterm cortical repository for spatial memories.
In summary, the effects on memory of MEC, Pr/PaS activation of CaMKII are quite similar to results obtained in studies of the hippocampus. First, the memory is sensitive to alterations in CaMKII signaling. Second, these structures appear to store some required component of the memory trace. Third, the requirement for normal MEC function is temporally limited to approximately 3-4 weeks ,which is the same time course seen in hippocampal lesion studies of memory consolidation (Kim and Fanselow 1992) . While the entorhinal cortex is the primary interface between the cortex and hippocampus, it is clear from recent studies that it also encodes spatial information (Hafting et al., 2005) . Taken together, these suggest that the two structures may function as a single unit with regard to the encoding and consolidation of spatial memory. The post-training deficits produced with both hippocampal manipulations and the current MEC manipulation indicate that each structure carries critical elements of the spatial memory trace, but only for a limited period of time.
Experimental Procedures
Generation of Neuropsin-htTa Transgenic Mice A BAC clone that includes the neuropsin gene was isolated by screening a BAC library (Research Genetics) with a 5 0 fragment of neuropsin cDNA as a probe.
The humanized tTA (tTA) trans-activator (a gift from Dusan Bartsch) was introduced upstream of the translation initiation site of neuropsin by homologous recombination in E. coli as described previously (Yang et al., 1997) , with minor modification. A shuttle vector for recombination, which carried recA was constructed with two 500 bp PCR-amplified fragments flanking the tTA insertion site in the BAC DNA. A homologous recombinant was isolated by screening with the 5 0 PCR-amplified genomic fragment and confirmed with a tTA probe. The neuropsin-tTA transgenic vector was purified twice by CsCl gradient ultracentrifugation. The circular BAC transgenic vector was used for microinjection into C57BL6/DBA F2 embryos. For behavioral studies, the F2 mice were backcrossed three generations to C57BL/6 mice and crossed to C57BL/6 mice carrying the tetO-CaMKII-Asp286 transgene.
In Situ Hybridization
Mouse brains were removed from animals and rapidly frozen in OCT embedding compound (Sakura, Tokyo, Japan). Horizontal cryostat sections (14 mm) were mounted onto microscope slides, fixed in 4% paraformaldehyde (PFA) for 10 min, and frozen at 280ºC until use. Slices were hybridized as described previously (Mayford et al., 1995) to a 35S-labeled antisense DNA probe corresponding to a 30 bp sequence in the overlapping CaMKII-Asp286 mutation. The sections were washed twice for 10 min at room temperature in 2 X SSC and then twice for 60 min at 60ºC in 0.2 X SSC. Slides were exposed to autoradiographic film (Biomax MR; Kodak, Rochester, NY) for 2-4 weeks.
Quantitative RT-PCR The mouse brain was removed and immersed in ice-cold phosphate-buffered saline (PBS). 500 mm thick horizontal sections were made from each hemisphere of the brain using a manual tissue chopper, and the area of medial entorhinal cortex was collected.
Total RNA was isolated by Trizol (invitrogen) followed by DNaseI treatment. cDNA was synthesized by SuperScript III Platinum SYBR Green Two-Step qRT-PCR Kit (invitrogen) by using oligo dT as a primer. qPCR was carried out using specific oligoes to CaMKII-Asp286 (sense, ACATTGTGGCCCGGGAGTATTACA; antisense, CTTCAGGCAGTCGACGTC) and actin as an internal control.
Standard Water Maze
The pool (120 cm diameter) was filled with water maintained at room temperature (22ºC) and made opaque with nontoxic white paint. The training consists of two different phases, visible and hidden platform. In the visible water maze training, mice were trained to escape to a platform submerged 1 cm below the surface and marked with a flag (4 3 2 cm size, 15 cm above the water surface). The platform location was varied pseudorandomly in each trial, and mice were given four trials per day for 2 days. Mice were released from the wall opposite of the platform and allowed to swim for 60 s. Mice that did not reach the platform within 60 s were guided to the platform. After reaching the platform, mice were left for 30 s on the platform and returned to the home cage. In the hidden platform water maze, the flag was removed from the platform, and distal cues were placed in the room. Four platform locations were used, and the number of mice trained to each location was balanced between genotypes. During the hidden platform training, the location of the platform was fixed for each mouse. Mice were trained with five trials per day for 6 days, with a maximal trial length of 90 s. After reaching the platform, mice were left for 30 s on the platform and returned to the home cage. One day following hidden platform training, the platform was removed and a 60 s probe test was given. Time spent in each quadrant and swim path was recorded.
Water Maze for 6 Week Memory Retention Studies Three weeks before training, the mice were fed a doxycycline-containing diet until training was finished to repress CaMKII-Asp286 transgene expression and allow the establishment of a stable spatial memory. The training consists of three different phases, 2 days of visible platform, 2 days of hidden platform, and 8 days of Atlantis platform training (dwell time 1 s in a 22 cm diameter area from the center of platform). Mice were trained for four trials per day on the visible platform, five trials per day on the hidden and Atlantis platform. Before each day of training on the hidden and Atlantis platform, a 60 s probe test was given. On day 13, a probe test was given, and those mice that didn't reach criterion (less than 35% in the training quadrant) were excluded from further study (wt, n = 6; CaMKIIAsp286 EC off-off-off, n = 4; CaMKII-Asp286 EC off-on-off, n = 4; CaMKII-Asp286 EC off-off-on, n = 2). Following initial training in which the transgene was suppressed by Dox in all groups, transgene expression was manipulated prior to the 6-week memory test by altering the Dox diet on the following schedule: CaMKII-Asp286 EC off-off-off mice were fed Dox-containing diet for 6 weeks, CaMKII-Asp286 EC off-on-off mice were switched to regular diet after the 24 hr probe trial for three weeks followed by Doxcontaining diet for three weeks, CaMKII-Asp286 EC off-off-on mice were fed Dox-containing diet for three weeks following the 24 hr probe trial and switched to a regular diet for three weeks.
Fear Conditioning
Each mouse was placed in a training chamber (MED-associates, Albans, VT) and allowed to explore for 3 min. Then one foot shock-tone pairing (20 s 80 db tone with a 0.75 mA shock during the last 2 s of the tone) was given. Context fear memory was evaluated 24 hr and 3 weeks after conditioning in the same chamber by measuring the freezing time during a 3 min trial. Cued fear memory was evaluated as the amount of freezing time to the tone (20 s) assessed in a novel testing chamber.
Visual Paired Comparisons Task
Before training, mice were habituated to an open field box for 15 min per day for 3 days. During training, each mouse was allowed to explore two identical objects placed into the open field box for 15 min. The retention test was performed 3 hr after training. During the retention test, the mice are placed back into the open field box with the familiar object and a novel object and allowed to explore for 5 min. Memory for the familiar object is associated with increased exploration of the novel object, and the result is expressed as a recognition index, which is the ratio (TB X 100)/(TA + TB), where TB and TA are time spent exploring the familiar and novel object, respectively.
Open Field Test and Light-Dark Transition Test
Each mouse was placed in the center of an open field box (27.4 3 27.4 3 20 cm; MED-associates, Albans, VT). Horizontal activity was recorded for 30 min in block of five min. For the light-dark transition test, a dark chamber was inserted to cover 1/2 the area of the open field box. Mice were placed into the lit side and allowed to move freely between the two chambers for 10 min. Total time spent in the dark chamber was recorded.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/50/2/309/DC1/.
